[1] We extend kinetic simulations of the Geospace Environment Modeling (GEM) magnetic reconnection challenge [Birn et al., J. Geophys. Res., 106, 3715, 2001] to a physical mass ratio, using the implicit Particle-in-Cell (PIC) code CELESTE3D which allows the use of a coarser grid and a bigger time step. We compare results for three values of the mass ratio m i /m e = 25 (GEM challenge standard mass ratio), m i /m e = 180 and the physical mass ratio m i /m e = 1836. The results of the three simulations are compared and the scaling laws based on reconnection via nongyrotropic electron pressure are verified.
Introduction
[2] The Geospace Environment Modeling (GEM) magnetic reconnection challenge seeks to understand the physics of fast magnetic reconnection in the magnetotail [Oieroset et al., 2001] by investigating a standard 2-dimensional configuration based on a Harris current sheet. Different models are compared: Resistive magnetohydrodynamics (MHD), Hall MHD, hybrid, and full particle (kinetic) codes , and references therein]. The standard configuration assumes a mass ratio m i /m e = 25. Kinetic simulations with mass ratios up to 100 are described [Hesse et al., 1999; Pritchett, 2001a; Shay et al., 2001] .
[3] We extend the simulations to mass ratios m i /m e = 180 and m i /m e = 1836. The results show that large scale phenomena, such as the reconnection rate, are not affected by the mass ratio, but that the electron behavior in the dissipation region is affected. The findings of previous simulations at low mass ratios are recovered, and the use of the physical mass ratio allows a comparison of the predictions of the scaling laws over a broader mass ratio range, and a better discrimination between the scaling laws based on nongyrotropic electron pressure [Laval et al., 1966; Hesse et al., 1999; Kuznetsova et al., 2000] and scaling laws based on electron inertia [Burkhart et al., 1990] . In particular, the scaling with mass ratio based on reconnection via nongyrotropic electron pressure is recovered.
Initial Conditions and the Simulation Approach
[4] We consider a Harris current sheet in the (x, z) plane , with magnetic field given by B 0x (z) = B 0 tanh(z/l) and density by n 0 (z) = n 0 sech 2 (z/l) + n b .
[5] The system size is L x Â L z = 25.6 c/w pi Â 12.8 c/w pi , where the ion inertial length, c/w pi , is defined using the density n 0 . The temperature ratio is T e /T i = 0.2, the current sheet thickness is l = 0.5c/w pi , the background density is n b = 0.2 n 0 , the ion drift velocity in the y direction is V i0 = 1.67V A , where V A is the Alfvén velocity, and V e0 /V i0 = ÀT e0 / T i0 . The initial perturbation is specified by a perturbed potential vector A y of the form
with A y0 = 0.1 B 0 c/w pi . We use the implicit Particle-in-Cell (PIC) code CELESTE3D to solve the full set of MaxwellVlasov equations [Brackbill and Forslund, 1985; Vu and Brackbill, 1992; Ricci et al., 2002] . Implicit moment PIC allows more rapid simulations on ion length and time scales than explicit methods, while retaining the kinetic effects of both the electrons and ions. The explicit simulation time step limit, Át < 2/w pe , and the mesh spacing required to avoid the finite grid instability, Áx/l De < 1, where l De is the electron Debye length, are replaced in implicit simulations by an accuracy condition, v th,e Át < Áx, whose principal effect is to determine how well energy is conserved.
[6] The cost of an explicit simulation on ion scales varies with the ion to electron mass ratio as (m i /m e ) (d + 2)/2 , where d is the number of spatial dimensions [Pritchett, 2000] . For example, for the GEM challenge, an explicit simulation with m i /m e = 1836 is more than 5000 times as expensive as one with m i /m e = 25. In contrast, the cost of an implicit simulation scales as (m i /m e ) 1/2 , as the time step can be kept constant with respect to the ion plasma frequency and the ratio w ci /w pi scales as (m i /m e ) 1/2 to maintain the same Harris current sheet equilibrium. However, for the results shown here, the time step is reduced from w pi Át = 0.3 for m i /m e = 25 to w pi Át = 0.05 for m i /m e = 1836, with which excellent energy conservation is obtained.
[7] With m i /m e = 25, the GEM challenge is simulated with CELESTE3D on a N x Â N z = 64 Â 64 grid, with time step w pi Át = 0.3, and 25 particles per species per cell, for a total of 2 Á 10 5 computational particles. For comparison, the explicit PIC simulation presented by Pritchett [Pritchett, 2001a] employs a N x Â N z = 512 Â 256 grid, 9.12 Á 10 6 computational particles and a time step w pe Át = 0.15, corresponding to w pi Át = 0.03 (i.e., 10 times smaller than ours). Results with CELESTE3D are comparable in detail with those of explicit simulations for m i /m e = 25 [Ricci et al., 2002] .
[8] Certainly, the accuracy of wave-particle interactions on the electron time scale is less using a coarser grid and a bigger time step. However, results of many simulations show that kinetic electrons correctly contribute inertial effects, anisotropic pressure and electron thermal transport on ion time and length scales [Forslund and Brackbill, 1982; Brackbill et al., 1984; Lapenta and Brackbill, 1996; Vu and Brackbill, 1993] . In particular, for the GEM challenge simulation in the case of realistic mass ratio, both the electron inertia length and the electron diffusion region in the z direction are not resolved. However, the important physical spatial scales appear to be present and described correctly, as a comparison with the scaling laws shows.
Reconnection Rate
[9] The GEM reconection challenge has been performed with mass ratios m i /m e = 25, 180, and 1836. Distances are normalized to c/w pi , velocities to V A , the magnetic field to B 0 , and the density to n 0 .
[10] Figure 1 shows the out-of-plane current density and magnetic field lines at w ci t = 40 for m i /m e = 25 and m i /m e = 1836. The out-of-plane current has evolved, starting from an initially uniform current sheet. For both mass ratios, a saddle point at the X point is created. The evolution of the magnetic field lines which form an X point in the center of the domain reveals that at the highest mass ratio reconnection proceeds slightly further, the current is more filamentary, and the maximum current density is twice as large.
[11] To evaluate the reconnection rate, the flux difference between the X and the O points, Á C, is used. Figure 2 shows the evolution of the reconnected flux for the different mass ratios. A slow initial growth, which lasts roughly until w ci t % 10, is succeeded by more rapid growth until w ci t % 25, at similar values of the reconnected flux in all cases. The reconnection rate increases slightly from the lowest to the highest mass ratio, but not monotonically. This fact points out that the electron mass appears to have only a small effect on the the large scale evolution. ''The electron physics in the dissipation region adjusts itself to accommodate the large scale evolution. . . (which) should be controlled by the inertia of ions. . . independent of the local electron physics' ' [p. 1785 ' [p. , Hesse et al., 1999 .
[12] In the two dimensional configuration we are considering, the reconnection is driven by the y component of the electric field E at the X point, E y, rec , and it is [Pritchett, 2001a] 
[13] Our simulations support the idea that the nongyrotropic electron pressure contributions to E y, rec are important [Hesse et al., 1999; Hesse et al., 2001; Kuznetsova et al., 2001; Pritchett, 2001a] , as they account for approximately 70% of E y, rec at the reconnection site, Figure 3 , for m i /m e = 180.
The Diffusion Region
[14] The large scale behavior of the simulations is shown in Figure 4 , extending to the realistic mass ratio the considerations by Hesse et al. [1999] . Comparing the simulations with m i /m e = 25 and m i /m e = 1836, the zcomponent of the magnetic field, the x-component of the ion velocity and the electron density are displayed for z = 0 and w ci t = 15. Despite some small differences (the derivative of the ion velocity is bigger at the X point for the realistic mass ratio and the electron densities are different near the O point) the large scale behavior in the two simulations looks similar.
[15] There are some differences in the electron dynamics in the simulations. First, in Figure 5 , the electron out-ofplane current is compared for the two mass ratios. The current sheet near the X point is thinner in the case with larger mass ratio. This result is consistent with the findings by Shay et al. [2001] . Moreover, in both cases, the large electron current at the O point reduces the total current. The electron current is enhanced by the periodic boundary conditions applied to x = ±L x /2, as simulations performed with open boundary conditions confirm [Pritchett, 2001b] .
[16] Second, in Figure 6 the x-component of the electron velocity is plotted. It is obvious that the peak velocity is much higher at m i /m e = 1836 and the peak-to-peak distance is smaller.
[17] Assuming that the main contribution to the reconnection field comes from the nongyrotropic electron pressure, scaling laws for the dimensions of the diffusion region (d x , d z ), for the peak velocities (Áv x , Áv z ) and for the velocity derivatives (@v x /@x, @v z /@z) at the X point, have been deduced both for ions and electrons, and are summarized in Table 1 [Laval et al., 1966; Hesse et al., 1999; Kuznetsova et al., 2000] . We remark that the assumption of a different dissipation mechanism (i.e., electron inertia) leads to different scaling laws [Burkhart et al., 1990] whose predictions agree less well with the simulation results. The scaling laws for d ex , d ix , @v ex /@x, and @v ix /@x are discussed using the simulation data plotted in Figures 4 and 6 .
[18] The width of the electron diffusion region, d xe , is evaluated for m i /m e = 25 by measuring the peak-to-peak distance in Figure 5 , and is d xe % 5 c/w pi . The peak velocity is Áv xe % 1.8 V A . For m i /m e = 180, the peak-to-peak distance is d xe % 3.2 c/w pi and Áv xe % 3.1 V A while, for m i /m e = 1836, it is d xe % 1.7 c/w pi and Áv xe % 6.2 V A .
[19] The scaling laws in Table 1 match the simulation results for the three mass ratios.
[20] Since the electron temperature and the B z field are similar in the three simulations (see Figure 4a for the cases m i /m e = 25 and m i /m e = 1836), the scaling law in Table 1 leads to the following theoretical ratio
which is in close agreement with the simulation results, as the measured ratio is %2.8. The electron inertia scaling law gives for this ratio a theoretical value of %4.19. For the simulations with m i /m e = 25 and m i /m e = 180, the measured ratio is %1.52, the theoretical ratio based on Table 1 is %1.64, while the electron inertia would predict incorrectly %1.93. The ratio of these two derivatives (%10) is similar to the theoretical value (%8.6) found from Table 1 . The small discrepancy may be explained by the higher reconnection rate shown in the case m i /m e = 1836.
[22] The ion velocity and the dimension of the ion diffusion region should not be influenced by the electron mass according the scaling laws of Table 1 as E y,rec and B z are almost independent of the electron mass. This is confirmed by Figure 4c . We remark that the slightly greater value of @v ix /@x in the case m i /m e = 1836 can be explained again by the slightly greater reconnection rate observed for the physical mass ratio.
[23] From Figure 4 , the peak to peak distance for the ion velocity can be measured (for both mass ratios) as d ix % 12.7 c/w pi . This value can be compared with the theoretical ratio between d ex and d ix obtained from Table 1, The discrepancy can be explained by considering the effect of the periodic boundary conditions applied to x = ±L x /2 and the resulting injection of ions from the boundary. We remark that the ions are more affected than the electrons because of the larger ion scale and that simulations performed in an open system lead to a larger value for d ix [Pritchett, 2001b] .
[24] Regarding the ratio between @v ex /@x and @v ix /@x, which should scale as [(m i T i )/(m e T e )] 1/2 , the theoretical values from Table 1 (%11.2 The small discrepancy again may be caused by the reduced d ix because of the periodic boundary conditions.
[25] We conclude that the mass ratio has a minor impact on the reconnection rate, consistent with previous studies, and that it does not affect the larger scale phenomena, such as the ion behavior. However, the mass ratio has a major effect on the electron dissipation region, which appears to rearrange itself in order to maintain the same large scale evolution.
[26] The simulation results agree better with scaling laws based on the hypothesis of magnetic reconnection via nongyrotropic electron pressure, within the limits imposed by the periodic boundary conditions than with scaling laws based on electron inertia as a dissipation mechanism.
